Chemical and topological disorderings in the NiTi intermetallic compound during electron irradiation were studied using a combination of in situ irradiation inside a high-resolution high-voltage electron microscope and image analyses of molecular-dynamics-simulated atom configurations. It was found that metastable defect clusters formed during the chemical-disordering phase prior to topological disordering leading to amorphization. These planar defect clusters contributed to the characteristic diffuse scattering were also observed in selected-area diffraction patterns.
Introduction
The present authors have recently reported [1] [2] [3] the fluctuation dynamics in the NiTi intermetallic compound during electron-irradiation-induced amorphizing transformation, investigated by utilizing a combination of in situ observations inside a high-resolution high-voltage electron microscope (HR-HVEM) and molecular-dynamics (MD) simulation. It was found that metastable defect clusters formed and disappeared repeatedly in the irradiated microstructure, giving rise to nanoscale spatio-temporal fluctuations. These fluctuations represent nonequilibrium processes which can be characterized by appropriate power laws. It was suggested that the high-energy particle irradiation field produced in a HR-HVEM provides a useful environment in which dynamic structural fluctuations can be investigated on the nanometer scale.
In the present paper, we show that metastable defectcluster formation during electron irradiation of NiTi, revealed by diffuse scattering spots in the diffraction patterns, occurs in the stage of chemical disordering, prior to the onset of amorphization. An understanding of the nature of such defect clustering is essential for elucidating the mechanism of nanoscale spatio-temporal nanostructural fluctuations and the radiation-induced amorphization process.
Experimental Procedure and Molecular Dynamics Simulation
The details of the experimental procedures and the MD simulation method are given in Ref. 3) .
Briefly, the NiTi samples (Ti-51 at%Ni, B2 ordered structure) used in the present experiment were prepared from thinned disks which had been pre-annealed at 1273 K (1 hour), followed by electrochemical polishing. They were then irradiated with 1.25-MeV electrons (dose rate: 1:0 Â 10 24 e/m 2 s) in a HR-HVEM (JEM-ARM1300) at Hokkaido University. We used a field-emission-gun 200-keV transmission electron microscope (JEM-2010F) for postirradiation high-resolution electron microscopy (HREM) examination.
MD simulation and statistical analysis of structural changes in the irradiated compound were performed on a system containing 2000 atoms (1000 atoms for each component, a supercell size: $27 nm 3 ), subjected to periodic-boundary and constant-pressure conditions. One Frenkel pair was randomly created in the crystal every 10Át (Át is a MD timestep, corresponding to 0.002 ps) for up to 2 Â 10 4 Át. Prior to the statistical analyses, the system was equilibriated for 10 4 Át, and several physical properties were evaluated during an additional 10 4 Át. Diffraction patterns were then independently calculated by using the multislice method in conjunction with the MD-generated atomic configurations. 3) 3. Results and Discussion 3.1 Chemical and topological disordering under irradiation Figures 1(a) to (e) show a series of selected-area diffraction patterns of a NiTi alloy under electron irradiation at room temperature. The film orientation was h110i, as the electron incidence direction. According to the extinction rule for the ordered NiTi (space group: Pm3m), when (h þ k þ l) is odd, the {hkl} diffraction spot must vanish for complete chemical disorder, but does not vanish in the chemicallyordered state, owing to the (f Ni -f Ti ) contribution, with f 's being the atomic scattering factors. Spots for which (h þ k þ l) is even do not vanish with chemical disordering and contribute as fundamental spots. Therefore, the chemically-sensible {001} spots are associated with long-range ordering; they become weaker for increasing degree of chemical disordering, i.e., with gradual accumulation of anti- Correspondingly, in the analysis of MD-simulated atom configurations, extra spots were also found in a series of diffraction patterns (e.g., some of them are indexed as {1/2 " 1 1=2 1}, {2/3 " 2 2=3 2/3} and {1/3 " 1 1=3 4/3} in Fig. 2 ).
The ranges of irradiation doses are: 0-0.16 dpa for chemical disordering, 0.16-0.25 dpa for topological disordering resulting in amorphization, and >0:25 dpa for complete amorphization.
3) The {001} spots disappear at 0.16 dpa, a dose when topological disordering begins to take place.
The long-range-order parameter S (Fig. 3) was evaluated from the simulated atomic configurations, 4) using the definition
where p is the fraction of a certain atomic species present on its own lattice site and r is the ratio of the number of atoms of that species to the total number of atoms. In the present study, r ¼ 0:5. The critical value for the onset of amorphization is found to be S ¼ 0:5 AE 0:05, around 0.16 dpa, i.e., the end of the chemical-disordering phase.
Diffuse scattering and metastable cluster formation
As mentioned in the previous section, diffuse scattering occurs prior to topological disordering. This was confirmed experimentally (Fig. 1) and theoretically (Fig. 2) . In some cases, additional diffraction spots can be seen, resulting from short-range ordering (SRO).
3) For example, both the experimental ( Fig. 1) and theoretical (Fig. 2 ) diffraction patterns (viewed from h110i direction) indicate that the diffusive spots develop along the lines connecting the {002} and {110} spots which form a diamond-shaped pattern. Some of spots on the diffusive diamond-shaped lines have stronger intensities than the others, e.g., arrowed ones in Fig. 1(b) and ones indexed in Fig. 2 . Noticeable spots are developed near {1/2 " 1 1=2 1} at 0.11 dpa in Fig. 2 , followed by spot development of {2/3 " 2 2=3 2/3} or {1/3 " 1 1=3 4/3}, and so forth. Disregarding their diffusive feature, these spot positions seem to be commensurate ones having multiple real-spatial length of the unit lattice, and can then be generated by chemical disordering alone and do not necessarily need to involve interstitial defects. In this case, we might expect decomposition reaction laws in the ordering indexes during chemical disordering, for example,
Although we need a more precise data analysis to obtain a firm conclusion on the validity of eq. (2), the presence of favorable ordering spots found in experiment ( Fig. 1 ) and in simulation (Fig. 2) suggests that there exist (energetically favorable) metastable (dis)ordering states. In the succeeding topological-disordering state, the diamond-shaped pattern becomes a circular pattern, concurrently with the fainting and subsequent disappearance of the fundamental spots {002}, {112}, and {110}, indicative of progressive amorphization (e.g., after 0.21 dpa in Fig. 2 ). Another interesting diffuse scattering process can be seen during the chemical-disordering phase. In Figs. 1(b) and (c), for example, there exist the ''cross-over'' (X) lines that pass through the origin. The corresponding state in computer simulations is the one at 0.16 dpa in Fig. 2 . The atomic clustering responsible for this diffuse scattering is illustrated in Fig. 4 . Shown in Fig. 4(a) is the HREM image of the chemically-disordered lattice corresponding to the diffraction pattern of Fig. 1(c) . The characteristic ''cross-over'' diffuse scattering can be seen in the FFT diffractogram presented in Fig. 4(b) . The defect clusters that contribute to diffuse scattering are illustrated in Figs. 4(c) and (d) obtained from the inverse FFT. It is clear that these defect clusters formed nearly in the {112} planes.
The MD simulation results shown in Fig. 5 illustrate the atomic arrangement for such clusters. Besides anti-site defects, defect clusters, which consist of atoms slightly displaced from their normal sites mainly in {112} planes, are also observed. Such local topological disordering which is accompanied by chemical disordering may explain the reason why diffuse scattering occurs near the end of the chemical-disordering phase, prior to topological disordering. The fact that chemical disordering precedes topological disordering and that chemical disordering alone cannot trigger amorphization in this alloy 5) implies that the sequence of the two disordering processes is necessary for inducing amorphization as well as for the observed diffuse scattering. In fact, between the chemical and topological disorder states, the total potential energy of the system increases continuously, with concurrent fluctuations, and saturates upon complete amorphization.
2) This implies that sequential disordering is intrinsically a deterministic process in amorphization, although structural fluctuations due to metastable atomic-cluster formation can be stochastic events.
Conclusion
Radiation-induced amorphization in NiTi was investigated using HR-HVEM and MD simulations. Chemical disordering due to the introduction of Frenkel pairs and subsequent topological disordering leading to complete amorphization were examined. Diffuse scattering, indicated by intensity distributions (viewed along the h110i direction) in diamondshaped pattern and ''cross-over'' lines, were observed in the chemical-disordering stage and attributed to planar defect clustering. Such defect clusters are metastable in nature, but can be an important trigger for the succeeding topologicaldisordering process, viz. amorphization.
Both the chemical and topological disordering processes are deterministic and must be distinguished from the stochastic process such as inherent atomic clustering after amorphization.
6) The latter clustering gives rise to structural fluctuation.
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